Plants, like other higher eukaryotes, have a more complex form of heterochromatin than fission yeast has and a sophisticated RNA silencing machinery. "RNA silencing" Correspondence: martiens@cshl.edu Heterochromatin is composed of transposable elements (TEs) and other repeats and was once considered to be a wasteland of redundant genetic material and potentially harmful TE. Therefore, the reprogramming of heterochromatin and subsequent reactivation of TE in the immature seed and pollen is paradoxical in plants. Recent studies have shown that reactivation of TE occurs specifically in germline companion cells, the vegetative nucleus (VN) in pollen (Slotkin et al. 2009 ) and the endosperm in seed (Gehring et al. 2009 ). In the ovule, ARGONAUTE 9 (AGO9) not only has a role in silencing TE in the egg cell but also in preventing the formation of multiple asexual gametophytes (Olmedo-Monfil et al. 2010) . We propose that reprogramming of heterochromatin in germline companion cells reveals TE in a controlled manner to expose them within the germline and, by the production of small interfering RNA (siRNA), ensures TE silencing in the next generation. We also propose that the mechanisms evolved to silence TE may actually promote sexual reproduction by inhibiting the formation of asexual gametes.
The botanist Emil Heitz (1928) first described "heterochromatin" as chromosomal material that remained condensed during interphase, in contrast to euchromatin, which is only condensed during mitosis. Traditionally, these chromatin regions were thought to differ in transcriptional activity, with euchromatin transcriptionally active and heterochromatin transcriptionally inert. However, during the last few years, abundant transcripts from heterochromatin have been discovered in germline cells and have been implicated in transposon control and germ-cell fate. In plants, and in many animal species, heterochromatin is mostly composed of transposable elements (TEs) and other repetitive DNA sequences, whereas euchromatin is mostly composed of genes. Biochemical analysis has revealed that euchromatin is characterized by transcriptionally active regulatory histone modifications, such as trimethylation of histone H3 lysine 4 (H3K4me3), whereas heterochromatin is associated with transcriptionally inactive modifications, such as H3K9me3. In plants, heterochromatic DNA is heavily methylated in all three 5-methyl cytosine contexts-CG, CHG, and CHH (in which H is either C, T, or A) (Henderson and Jacobson 2007) , whereas euchromatin is associated with low levels of CG methylation (Lister et al. 2008 ) that often correlate with elevated gene transcription (Vaughn et al. 2007) . Mammalian DNA methylation is mostly confined to CG contexts, although recently non-CG methylation has also been reported (Hawkins et al. 2010; Popp et al. 2010) .
The function of heterochromatin was first indicated by the phenomenon of position effect variegation (PEV) in Drosophila, in which genes are silenced when juxtaposed with heterochromatin. It has since been shown that heterochromatin is important for eukaryotic genome integrity. Examples include centromere function, X-chromosome inactivation, gene imprinting (Solter et al. 2004), paramutation (Della Vedova and Cone 2004) , and epigenetic silencing of TE .
TEs are subject to epigenetic silencing, presumably because of the detrimental effects associated with their activity . TEs can transpose, interrupt gene function, cause chromosome damage, and increase in copy number compared with host genes; therefore, maintaining TE silencing is vital for genome integrity. DNA and histone methyltransferases, histone deacetylases, and chromatin-remodeling complexes ensure heterochromatic silencing, presumably to limit the damaging effects of TE transposition. TE-related silencing across generations was first described in plants (McClintock 1957) and is associated with DNA methylation (Slotkin and Martienssen 2007) , and recent examples in both plants and animals have suggested a role for RNA interference (RNAi) and histone modification (Vastenhouw et al. 2006; Josse et al. 2007; Teixeira et al. 2009 ). Here we review the proposal that reprogramming of heterochromatin in the germline reveals TEs by reactivating them, so as to silence them again in the next generation via short interfering RNAs (siRNAs) (Slotkin et al. 2009 ).
siRNAs corresponding to heterochromatic sequences guide histone methylation in protists, in plants (Henderson and Jacobson 2007) , and in the fission yeast, Schizosaccharomyces pombe, where it is best understood (Grewal and Elgin 2007; Zaratiegui et al. 2007 ). Heterochromatic silencing in fission yeast is lost transiently during replication, allowing heterochromatic transcripts to accumulate. These transcripts are processed into siRNAs during the S phase of the cell cycle and direct the sequence-specific silencing machinery to reestablish heterochromatin in G 2 (Kloc et al. 2008) . Thus, the paradox of heterochromatin transcription (Volpe et al. 2002 ) is resolved, in that "reprogramming" in S phase is necessary for silencing in G 2 .
refers to a diverse set of RNA-directed processes that result in sequence-specific silencing at the transcriptional, posttranscriptional, or translational level. These processes include the formation of double-stranded RNA (dsRNA) via RNA-dependent RNA polymerases (RDR) from singlestranded RNA (ssRNA) precursors, the processing of the dsRNA into small interfering RNA (siRNA) by Dicer-like ribonucleases (DCL), and recruited by ssRNA-binding Argonaute proteins (AGO) and dsRNA-binding proteins (DRBs). A special class of small RNAs found in animals and plants, but not in yeast, namely, microRNAs (miRNAs), originates from imperfect stem-loop precursors, and is processed in Arabidopsis by DCL1 before loading onto AGO1 and other Argonaute proteins.
DNA methylation is conserved in vertebrates and some invertebrates, plants, and filamentous fungi, but not in Drosophila, Caenorhabditis elegans, and yeast. In plants, RNA-directed DNA methylation (RdDM) promotes de novo DNA methylation of cytosines regardless of their context, via DRM2 and CHROMOMETHYLASE 3, a CNG DNA methyltransferase that is also guided by histone modification . Once in place, DNA methylation is maintained independently of RNAi by DECREASE IN DNA METHYLATION1 (DDM1), a SWI2/SNF2 ATPase, and by METHYLTRANSFERASE1 (MET1), a CG DNA methyltransferase (Slotkin and Martienssen 2007; . DNA methylation mutants ddm1 and met1 in Arabidopsis were discovered by the loss of DNA methylation at centromeric repeats (Vongs et al. 1993 ) and also lose methylation in most if not all classes of TE (Lippman and Martienssen 2004; Teixeira et al. 2009 ), resembling mutants in their mammalian homologs Lsh1 and Dnmt1 in this respect (Slotkin and Martienssen 2007) . In ddm1 mutants, heterochromatic regions become euchromatic, characterized by the loss of DNA methylation and gain of transcriptionally active histone modifications ). Interestingly, a novel class of 21-nucleotide siRNA accumulates (Slotkin et al. 2009 ), indicating that TE reactivation and the emergence of novel siRNAs are both a consequence of losing DDM1.
Further analysis of tissue-and cell-specific Arabidopsis thaliana microarray data (Honys and Twell 2004; Pina et al. 2005; Schmid et al. 2005; Becker and Feijo 2007) revealed that TEs are unexpectedly reactivated during at least two developmental stages: in the immature seed and in pollen (Slotkin et al. 2009 ). This was surprising given that DDM1-dependent TE silencing was so efficient during vegetative development but not during the most crucial stages of the plant life cycle. The explanation lies in reprogramming events that are restricted to the germline.
EPIGENETIC REPROGRAMMING IN THE GERMLINE
Global epigenetic reprogramming occurs early in mammalian development, with the loss of DNA methylation and histone modifications in the primordial germ cells and in the embryo, and is thought to reset imprinting and other epigenetic marks in pluripotent cells (Branco et al. 2008; Surani et al. 2008 ). In plants, unlike animals, germ cells differentiate from adult somatic cells late in development. This presents the need for the resetting of epigenetic modifications that have been acquired during the plant life cycle. In plants, siRNAs from TEs are produced in gametophytes and developing seeds, and this accumulation is associated with changes in DNA methylation (Hsieh et al. 2009; Mosher et al. 2009; Slotkin et al. 2009 ). Reprogramming in mammals also results in transient activation of TEs (Sasaki and Matsui 2008) . This activation coincides with the appearance of piwi-interacting RNA (piRNA) (Brennecke et al. 2007 ) as well as endogenous siRNA (Tam et al. 2008; Watanabe et al. 2008) . The 25-29-nucleotide uniquely mapping piRNAs arise from specific heterochromatic loci that contain small fragments of various TEs thought to be responsible for silencing, but piRNAs and endogenous siRNAs also arise from repetitive TEs elsewhere in the genome (Lau et al. 2006; . It is therefore possible that TE reprogramming has a similar function in the mammalian germline as in plants (which do not seem to have piRNAs), in that TE activation results in accumulation of corresponding small RNAs (Slotkin et al. 2009 ). Interestingly, piRNAs can direct remethylation in the Mus musculus male germline (Carmell et al. 2007; Kuramochi-Miyagawa et al. 2008) , suggesting that RNA-dependent DNA methylation is also conserved. Endogenous siRNA may have a similar role in Drosophila oocytes even in the absence of DNA methyllation ).
EPIGENETIC REPROGRAMMING OF HETEROCHROMATIN IN POLLEN
The male gametophyte in plants, the pollen grain, differentiates late during plant development. Following meiosis, the first microspore division separates the vegetative nucleus (VN) from the generative nucleus, and the generative nucleus divides again to produce two sperm cells (SCs). Chromatin within the SC nuclei is compact with relatively little gene expression, whereas VN chromatin is less condensed and does not contribute genetic material to the next generation. Reexamination of Arabidopsis expression profiling data (Schmid et al. 2005) revealed that a diverse set of TE families, independent of chromosomal position, became transcriptionally reactivated in mature wild-type pollen (Slotkin et al. 2009 ). Gene-trap and enhancer-trap lines inserted into TEs (Sundaresan et al. 1995) were used to confirm that the TEs were silent in most cells, but not in the pollen grain cytoplasm, confirming TE activity in the pollen. Independent transcriptional profiling through fluorescence-activated cell sorting revealed that TEs were up-regulated only in the VN and not in the SC (Borges et al. 2008) . Transposon display revealed that novel transposition events occurred in pollen DNA but were not detected in the F 1 progeny, further indicating that they did not occur in sperm cells.
DDM1 is specifically required for TE methylation and association with H3K9me2 (Singer et al. 2001; Gendrel et al. 2002; , and thus the localization of DDM1 was determined in pollen using DDM1-tagged green fluorescent protein (GFP) (Slotkin et al. 2009 ).
DDM1-GFP was absent in the VN but expressed in the SC, in agreement with TE reactivation being confined to the VN. However, although the largest family of TEs in A. thaliana, Athila retrotransposons, was reactivated in the VN, the corresponding 21-nucleotide siRNAs accumulated in the SC. These results suggested that loss of DDM1 resulted in siRNA accumulation in pollen, which was subsequently translocated into the sperm (Fig. 1) (Slotkin et al. 2009 ).
To test movement of sRNAs from the VN to the sperm, an artificial microRNA (amiRNA) was expressed in the VN that targeted a GFP-reporter transgene in the SC, using VN-and SC-specific promoters and amiRNA (Engel et al. 2005; Schwab et al. 2009 ). In homozygous lines encoding the GFP amiRNA, but not in control lines, the GFP signal was dramatically down-regulated in the SC (Slotkin et al. 2009 ). This indicated that amiRNA, at least, could silence genes in the SC when expressed in the VN.
In conclusion, 21-to 22-nucleotide siRNAs from pericentromeric retrotransposons, as well as other classes of transposons, accumulate in ddm1 and met1 mutants and in pollen when DDM1 and MET1 are down-regulated in the VN (Slotkin et al. 2009 ). The same siRNAs appear in plant cell culture, also known to undergo epigenetic reprogramming (Tanurdzic et al. 2008) . Epigenetic reprogramming of heterochromatin in the pollen leads to the accumulation of mobile siRNAs that promote TE silencing in the sperm.
SIRNA SILENCING IN IMMATURE OVULES
During ovule development, the megaspore mother cell undergoes a meiotic division producing four megaspores. The maternally derived gamete is produced from one functional megaspore while the remaining three megaspores degenerate. The haploid female gametophyte develops, surrounded by the diploid tissue of the ovule, and consists of one egg cell, one diploid central cell (two fused polar nuclei), two synergid cells, and three antipodal cells. The egg cell and central cell are fertilized by the two sperm cells to give rise to the embryo and endosperm in the developing seed. In aposporous plant species, additional diploid gametophytes differentiate adjacent to the functional megaspore in premeiotic and postmeiotic ovules. Subsequent parthenogenesis results in asexual reproduction via apomixis.
The most abundant argonaute genes expressed in developing ovules and anthers encode AGO9 and AGO5 (Schmid et al. 2005) , which are closely related to AGO4 and AGO1 in vegetative cells, respectively. RNA isolation from immature ovules and in situ hybridization revealed that AGO9 is initially expressed in the somatic cells in the apical region of the premeiotic wild-type ovule, but not in the haploid megaspores, the megaspore mother cell (MMC), or the developing female gametophyte before or following cellularization (Olmedo-Monfil et al. 2010) . At the four-nuclear stage of female gametogenesis, AGO9 localized to the outer integument and at the cellular boundary between the sporophyte and gametophyte. Similar localization was observed during anther development, with AGO9 localized in the cytoplasm of the microsporophytes following meiosis, and later confined to the VN surrounding the SC.
Using the same gene-trap and enhancer-trap lines inserted into TEs (Sundaresan et al. 1995) , ago9 mutants were found to express TEs very strongly in egg cells, but not in the surrounding ovule and not in wild-type ovules (Olmedo-Monfil et al. 2010 ). This indicated that RNAi silenced TEs in the female germline, but that AGO9 likely acted at a distance, resembling pollen in this respect. sRNA was isolated following immunoprecipitation with an AGO9 antibody from wild-type gynoecia. Of those reads that mapped to the Arabidopsis genome, 79% were 24 nucleotides and the remainder were 21 and 22 nucleotides in length. The 24-nucleotide siRNAs derive from retrotransposons, including AtGypsy, Athila, CACTA, LINE, and Mutator elements. The remaining 21-nucleotide siRNAs derive from miRNAs (3.2%) and protein-coding genes (14.5%) (Olmedo-Monfil et al. 2010) .
Extensive phenotypic analysis of premeiotic ovules from three independent knockout lines of AGO9 revealed extra abnormally large subepidermal cells. The identity of these abnormal cells in ago9-3 ovules was further characterized by callose deposition, a marker for meiotic cells (Webb and Gunning 1990) . During and post meiosis, callose was detected in the intermediate walls of the single meiotic product and degenerate neighboring cells, but not in the abnormally enlarged cells. Following gametogenesis, the functional megaspore identity marker pFM2 is normally expressed only in the products of meiosis, but was also expressed in a cluster of adjacent cells in ago9-3 ovules. These results indicate that AGO9 controls female gamete formation and restricts the formation and differentiation of multiple female gametic cells within the ovule.
RDR6 and SGS3 are required for the biogenesis of 21-nucleotide trans-acting siRNA (tasiRNA), and we have found that RDR6 is also required for the accumulation of This activates TEs and results in the production of a small RNA silencing signal that makes its way into the sperm. In this way, heterochromatin acts as a reservoir of TE sequences used to recognize the same TE in the germline.
21-nucleotide easiRNA (epigenetically activated siRNA) from Athila elements in ddm1 mutants (RK Slotkin and RA Martienssen, unpubl.) . In both sgs3-11 and rdr6-11 postmeiotic mutant ovules, two independent female gametophytes were also observed (Olmedo-Monfil et al. 2010) . Female gametophyte identity was subsequently confirmed using the pFM2 expression marker.
SIRNA SILENCING IN IMMATURE SEEDS
A role for small RNA in immature seeds has been revealed by small RNA sequencing from developing F 1 hybrid seed from crosses between two different inbred accessions of Arabidopsis, Landsberg and Columbia, that differ in their complement of siRNA. Samples were prepared from seeds in which the embryos had been removed, leaving endosperm and maternal seed coats (Mosher et al. 2009 ). Sequencing revealed that 24-nucleotide siRNAs from the maternal parent could be detected in these samples and that these siRNAs depended on the plant-specific polymerase RNA polymerase IV (Pol IV) for their biogenesis. Heterozygous Pol IV mutants gave rise to intermediate levels of siRNA, leading to the conclusion that the siRNAs arose primarily in the endosperm, half of which would inherit the mutant allele from their maternal parents (Mosher et al. 2009 ). It is likely, then, that these 24-nucleotide siRNAs arise from endosperm tissue, although small RNAs from maternal seed coat tissue, derived from the surrounding ovule, would also be included in these libraries.
Interestingly, endosperm and embryo differ in DNA methylation patterns, with the endosperm being generally depleted in CG methylation, whereas both endosperm and embryo are enriched in RNAi-dependent CHH methylation patterns (Gehring et al. 2009; Hsieh et al. 2009 ). Analogous to pollen, it is possible that small RNAs are generated from unmethylated TEs in the endosperm, to guide methylation in the embryo. MET1 is down-regulated in the endosperm, consistent with this idea (Jullien and Berger 2010; Martienssen 2010b) . Active demethylation mediated by DEMETER DNA glycosylases also has a major role in genome-wide demethylation in the endosperm (Hsieh et al. 2009 ), but is only expressed at a low level in pollen.
ROLE OF SIRNAS IN INHERITANCE AND GERM-CELL FATE
Reprogramming of heterochromatin within the germline results in the accumulation of siRNAs within the companion cells of the ovule and pollen that can act noncell autonomously to silence TEs in sperm and egg cells, respectively (Slotkin et al. 2009; Olmedo-Monfil et al. 2010) . A similar mechanism likely influences DNA methylation in the embryo and endosperm after fertilization. Remarkably, this TE-silencing mechanism appears to inhibit asexual reproduction, suggesting that these same TE small RNAs might influence germ-cell fate. Thus, TEs have retained the ability to generate germline siRNAs during evolution, despite their negative influence on TE expression. In the absence of selection, recombination between transposed elements is required for increases in TE copy number, so that TEs can propagate more effectively in sexually reproducing species (Hickey 1993) . Therefore, it would appear that RNAi-directed inhibition of asexual reproduction might actually benefit TEs. For this reason, this mechanism can be seen as allowing TEs an advantage over the host genome.
Small RNAs may also make a parental epigenetic contribution to the next generation, reminiscent of their role in hybrid dysgenesis , such that small RNAs from one parent may be required to silence incoming transposons from the other (Klattenhoff and Theurkauf 2008) . In both mammals and plants, germline siRNAs direct sequence-specific epigenetic silencing and could potentially exert a parent-specific influence on the developing progeny. It is, therefore, interesting to speculate that, like genome imprinting, reprogramming of heterochromatin could create a parentspecific defensive barrier against interspecific and interploid hybridization (Martienssen 2010b) . Given their mobility, it is even possible that small RNAs from somatic cells might find their way into the germline and then into the next generation, raising the specter of Lamarckian inheritance, as long as their expression was sensitive to the environment, as many TE sequences have been shown to be (Martienssen 2010a) .
CONCLUSION
Germline companion cells, such as the VN in the pollen as well as the endosperm in developing seed, do not contribute genetic information to the next generation, but guide sperm cells to the ovule and provide nourishment to the developing embryo, respectively. In developing gametophytes, reprogramming of heterochromatin leads to the reactivation of TEs and accumulation of siRNAs. In this light, heterochromatin can be seen as a reservoir of TE sequences, released into the germline to reveal valuable siRNAs. These siRNAs can recognize and silence TEs, but also influence germ-cell fate in a way that promotes their propagation through sexual reproduction.
